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ABSTRACT
The anomalousmagnetoresistance caused by the weak antilocalization (WAL) effects in 200-nmHgTe
films is experimentally studied. The film is a high quality 3D topological insulator with much stronger
spatial separation of surface states than in previously studied thinner HgTe structures. However, in
contrast to that films, the system under study is characterized by a reduced partial strain resulting in
an almost zero bulk energy gap. It has been shown that at all positions of the Fermi level the sys-
tem exhibits a WAL conductivity correction superimposed on classical parabolic magnetoresistance.
Since high mobility of carriers, the analysis of the obtained results was performed using a ballistic
WAL theory. The maximum of the WAL conductivity correction amplitude was found at a Fermi
level position near the bulk energy gap indicating to full decoupling of the surface carriers in these
conditions. The WAL amplitude monotonously decreases when the density of either bulk electrons
or holes increases that results from the increasing coupling between surface and bulk carriers.
1. Introduction
A HgTe-based three-dimensional topological insulator
(3D TI) is the ideal platform to probe non-trivial properties
of this class of materials since such structures have lead-
ing in the field mobility of two-dimensional (2D) topolog-
ical surface states, reaching 4 × 105 cm2/Vs [18], a bulk en-
ergy gap, and a mature technology of creation of gated Hall-
bar devices. Topological surface states in such 3D TIs were
widely studied in transport [3, 18] and magneto-optic re-
sponses [10, 9, 36], and bymagnetocapacitance spectroscopy [17].
It has been established that the surface states in these systems
are non-degenerate, and have a non-trivial Barry phase and a
quasilinear dispersion. Moreover, the highest quality of the
structures has allowed to study a caused by the topological
surface states existence ballistic and interference effects in
HgTe-based 3D TIs [20, 38].
In the majority of papers devoted to the HgTe-based 3D
TIs only 70-100 nm strained films were studied [3, 28, 27,
18, 34, 35, 20, 38]. Thanks to uniform strain, these systems
have an about 10-15meV bulk band gap that makes it pos-
sible to separately study the properties of the surface and
bulk carriers. However, the rather short distance between
the opposite non-trivial surface states results in number of
limitations of checking the response from only one surface
of the topological insulator. Thus, the study of thicker HgTe
films is also desirable because of a higher separation be-
tween the surface states, their weaker mutual electrostatic
coupling, and possible hybridization. Recently [25, 5], it has
been shown that partially relaxed 200-nm HgTe films have a
near zero bulk energy gap, but also host similar to what the
strained 80-nm system has – the spin non-degenerate surface
states.
Here we present the study of anomalous magnetoresis-
tance in partially relaxed 200-nm HgTe films at different
temperatures and Fermi level positions. Exploiting the fact
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of strong sensitivity of the conductivity correction to the
coupling between conducting channels (surface and bulk states) [16,
29, 6, 15, 19, 1, 11, 24], we show that the system under study
can be moved to the state of fully decoupled topological sur-
face states. These results demonstrate the conditions to study
properties of spin-polarized electrons from one surface of
HgTe-based 3D TIs.
2. Experimental
Themeasurements are carried out on 200-nmHgTe films
that have been grown bymolecular beam epitaxy on aGaAs (013)
substrate1. In Fig. 1 (a) we schematically show cross-section
and a schematic top view of the system under study. The
200-nmHgTe film is sandwiched between thin Cd0.6Hg0.4Tebarriers and is partially relaxed [25], a Ti/Au gate has been
deposited on the 200-nm Si3N4 plus 100-nm SiO2 insula-tor grown by a low temperature chemical vapor deposition
process.
The schematic band diagram of the partially relaxed 200-
nm HgTe film is presented in inset of Fig. 1 (c). Previous
studies of this structure [25, 5] have shown that the system
hosts topological states located near top and bottom surfaces
of the film (red lines on the cross-section view and in the
dispersion) and that by applying gate voltage the Fermi level
can be moved from the conduction to the valence band. The
bulk band gap was shown is of the order of 5meV.
The studied Hall-bars have a 50-휇m current channel and
equal to 100 and 250휇mdistances between potential probes.
Transport measurements were performed using a standard
low-frequency (about 12Hz) lock-in technique with a driv-
ing current in the range of 1-50 nA in a perpendicular mag-
netic field 퐵 up to 3 T in the temperature range 푇 = 0.1-5K.
1 We note that the same wafer was studied in [25, 5].
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Figure 1: (a) Cross-section of the heterostructure under study, as well as its schematic top view. (b) Gate voltage dependence of
휌xx measured at zero magnetic field (black, left axis) and 휌xy measured at magnetic field 퐵 = 0.5T (red, right axis). (c) and (d)
Gate voltage dependence of obtained from the two-component Drude fitting electron density 푛e and mobility 휇e (black squares
and circles) and hole density 푛h and mobility 휇h (blue squares and circles). Charge neutrality point (CNP) and the valence band
top 퐸v are marked by arrows. The inset in panel (c) shows the schematic band diagram of the system at zero gate voltage. The
highlighted by green color areas correspond to the gate voltages, at which the anomalous magnetoresistance is studied. Thin red
lines are density and mobility approximations.
3. Experimental results
In Fig. 2 (b) we present the gate voltage dependence of
diagonal resistance 휌xxmeasured at zeromagnetic field (black,left axis) and Hall resistance 휌xy measured at magnetic field
퐵 = 0.5T (red, right axis). The 휌xx(푉g) dependence ex-hibits a maximum near 푉 maxg = −7.5V. Going from zerogate voltage to its negative values both 휌xx(푉g) and |휌xy(푉g)|first goes up, indicating the decreasing of the electron density
and mobility, and in the vicinity of 푉 maxg the Hall resistancestarts to go down, indicating the emerging of the bulk holes.
휌xy(푉g) changes its sign at about -12V that confirms the holeexistence.
The qualitative analysis of 휌xx(푉g) and 휌xy(푉g) is con-firmed by the obtained from the two-component Drude fit-
ting of the classic magnetoresistance (not shown) densities
and mobilities of carriers. In Fig.1 (c) we show gate voltage
dependence of total electron 푛e (black squares) and hole 푛h
(blue squares) densities. The extrapolation of the hole den-
sity to zero results in a point 푉g ≈ −5.5V on the gate volt-age axis that corresponds to the Fermi level position near
the valence band top. While to the right from this point
the electron density goes up linearly with 푉g, it saturates atlower gate voltages, when the Fermi level nearly pinned by
high hole density of states (the hole effective mass 푚h ≈
0.3m0 is about ten time larger compare to electron one푚e ≈
0.35m0 [25, 5], where m0 is the free electron mass). InFig. 1 (d) we show the gate voltage dependences of electron
휇e (black circles) and hole 휇h (blue circles) mobilities. Theelectron mobility, following a Fermi level increase, rapidly
grows in the conduction band reaching 105 cm2/Vs at 푛e ≈
5× 105 cm−2, and stays nearly constant in the valence band.
The hole mobility is equal to about 104 cm2/Vs and also
shows nearly no gate voltage dependence. The highlighted
by green color areas correspond to the gate voltages, at which
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Figure 2: (a) Magnetic field dependence of 휌xx measured at
푉g = −10V and temperatures 푇 = 0.1, 0.9 and 5K. Low-
field anomalous magnetoresistance and classic magnetoresis-
tance are seen. (b) Magnetic field dependence of Δ(1∕휌xx) =
1∕휌T=0.1Kxx − 1∕휌
T=5K
xx measured at 푉g = −10V.
there is a transition from the conduction to the valence band,
and at which the anomalous magnetoresistance is studied.
To perform a quantitative analysis of the interference correc-
tion to the conductivity the approximations of 푛e(푉g), 푛h(푉g)and 휇e(푉g), 휇h(푉g)were used that are shown by thin red linesin Fig.1 (c) and (d).
Despite obtained gate voltage dependences of 휌xx, 푛e, 푛h,and 휇e, 휇h are very similar to what was observed earlier in200-nm films from the same wafer [25], there is a significant
difference in the value of minimum electron density, when
the Fermi level is in the valence band. Previously, this value
was about 0.3×1011cm−2, while now it is about 6 times big-
ger. Beside it, now the position of charge neutrality point
(CNP) is about at −9V, while previously it was near the va-
lence band top that was at about zero 푉g. These contradic-tions can arise from much bigger embedded in the structure
during the insulator growth positive charge. Thus, the bot-
tom topological surface of the studied system has compara-
ble (or exceeding in the valence band) to the top one density
and correspondingly contributes to a transport response.
In Fig. 2 (a) we show a magnetic field dependence of 휌xxmeasured at 푉g = −10V and temperatures 푇 = 0.1, 0.9 and5K. There is classical positive magnetoresistance at all tem-
peratures, which is due to the existence of several groups
of charge carriers (bulk holes and surface electrons) and is
described within the classical Drude model. At the lowest
temperature there is also a sharp low-field cusp, which shape
and amplitude indicates its weak antilocalization (WAL) na-
ture. We note that a small shift of whole 휌xx(퐵) depen-dences comes mainly from a classical temperature depen-
dence of 휌xx(퐵 = 0). From theoretical point of view it ismore conventional to analyze the conductivity correction.
But since the Drude conductivity itself has a dependence
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Figure 3: Shifted experimental and theoretical [13] (smooth)
dependences of Δ(1∕휌xx) corresponding to different gate volt-
ages. Magnetic field 퐵 is normalized by 퐵tr for each 푉g. The
arrow indicates the valence band top.
on the magnetic field, from experimental point of view it
is more useful to discuss a 1∕휌xx(퐵) dependence that has asmaller classic contribution. To separate out the interference
correction we subtract from 1∕휌xx(퐵) its classic part, whichis measured at higher temperatures (when the quantum cor-
rection is fully suppresed), and will work with Δ(1∕휌xx) =
1∕휌T=0.1Kxx −1∕휌T=5Kxx . Recalculated in terms of 푒2∕휋ℎmag-netic field dependence ofΔ(1∕휌xx)measured at 푉g = −10Vis shown in Fig. 2 (b). Here it is also clearly seen that there is
no transition from WAL to WL because of spin-momentum
locking of topological surface states [17], and because of a
strong spin-orbit coupling of bulk HgTe carriers [8].
In Fig. 3 we show measured at different gate voltages
Δ(1∕휌xx) dependences on normalized magnetic filed 퐵∕퐵tr(퐵tr(푉g) dependence is shown in inset of Fig. 4 (a) and will
be discussed later)2. It is seen that at all states of the sys-
2 We note that a close similarity of the presented dependences comes
from the magnetic field normalization, since 퐵tr has a strong 푉g depen-
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Figure 4: (a) The gate voltage dependence of total (black) and partial electron (red) and hole (blue) conductivity. The inset shows
the gate voltage dependence of 퐵tr = ℏ∕2푒푙tr. (b) The gate voltage dependence of prefactor 훼. Cartoons demonstrate how the
existence and absence of the scattering between different types of carriers influences the 훼 value. (c) Experimental 푙exp휑 (symbols),
calculated 푙theory휑 (black line) phase coherence length and transport mean free path 푙tr (blue) versus 푉g. (d) Experimental 휏
exp
휑
(symbols), calculated 휏theory휑 (black line) phase coherence time and transport relaxation time 휏tr (blue) versus 푉g. Black symbols
on all panels are from the fitting using the ballistic theory [13], gray – the diffusive Hikami theory [14].
tem the correction to the conductivity is positive as it was in
strained 80-nm HgTe films that has about 15meV bulk en-
ergy gap [24]. The absence of a WAL – WL crossover on
the experimental curves is the characteristic feature of 3D
topological insulators [7, 32, 16].
4. Discussion
The quantitative analysis of the interference correction
to the conductivity in 3D topological insulators [7, 32, 16,
33, 26] usually based on the classical Hikami theory [14].
Usually, two fitting parameters are in use – the phase relax-
ation length 푙휑 (or phase relaxation time 휏휑) and the pref-actor 훼. The parameter 훼 is equal to 1 in the ideal case
of weak localization and −0.5 in the case of weak antilo-
dence.
calization. However, when the systems has high mobility
carriers, the applicability of the Hikami theory is limited.
Indeed, it works, when 퐵 ≪ 퐵tr, where 퐵tr = ℏ∕2푒푙tr isthe transport magnetic field characterizing the boundary be-
tween the diffusion and ballistic approximations, and 푙tr isthe transport mean free path averaged over all groups of car-
riers, taking into account the weight factors proportional to
the contribution of each group 휎i to the total conductivity 휎of the system [25, 4]. The gate voltage dependences of par-
tial and total conductivities of the studied system are shown
in Fig. 4 (a). The averaged in such a way 푙tr varies within therange of 0.15-10휇m (see Fig. 4 (c)), that results in the 퐵trrange from 0.014 to 0.3mT (see inset of Fig. 4 (a)).
As it is seen in Fig. 3, Δ(1∕휌xx) significantly changesnear 퐵∕퐵tr ≈ 1 and at higher fields. Thus, the analysis of
Δ(1∕휌xx)(퐵∕퐵tr) dependences should be done using a moregeneral theory applicable in both the diffusion (퐵∕퐵tr ≪ 1)
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and ballistic (퐵∕퐵tr ≳ 1) approximations (e.g., [37, 13, 12,23]). Despite the theory [37] was already used in [31, 30,
24], it does not include all terms in the interference correc-
tion [2]. Thereby we use a developed in [13, 12] a ballistic
theory. Because of the absence of negative magnetoresis-
tance in the experiment (i.e., there is no WL), the infinite
strength of spin-orbit interaction was assumed. In this case
and within the diffusion regime of magnetic fields, the re-
sults of this ballistic theory coincides with the Hikami for-
mula, if equal to -0.5 a prefactor value is assumed.
The fitting of the experimental data using the derived
in [13, 12] expression3 forΔ(1∕휌xx) = −2훼× 푒
2
휋ℎ퐹
(
퐵
퐵tr
, 푙휑푙tr
)
is shown by smooth brown lines in Fig. 3. Since the ballistic
WAL correction expression is rather complicated, we first
prepared the array of Δ(1∕휌xx)(퐵∕퐵tr) dependences at fixedvalues of (퐵∕퐵tr) and (푙휑∕푙tr). Then, we fitted the exper-imental data by this array to find the best suited values of
prefactor 훼 and 푙휑. To calculate the theoretical curves wealso used useful notes from [23].
The fitting results in terms of the gate voltage depen-
dences of prefactor |훼| and the phase relaxation length 푙휑(as well as 휏휑(푉g)) are presented in Fig. 4 by black spheres.We begin the analysis from the |훼|(푉g) dependence. It iswell known that in the simplest systems with strong spin-
orbit coupling the prefactor 훼 is equal to −0.5. But here we
observe a non-monotonic dependence of |훼|. Starting from
zero gate voltage, where |훼| ≈ 0.5, it increases, reaching
the value of about 1.5 -2 at 푉g ≈ −6V that is close to thevalence band top (and, hence, to the bulk gap [25]). Going
to more negative gate voltages, |훼| monotonously decreases
and finishes at about 1 at 푉g = −10V.The reasonable explanation of the observed |훼|(푉g) de-pendence is based on the Fermi level dependence of the strength
of an interaction between different types of carriers in the
system. It is known that apart from the simplest systemswith
strong spin-orbit coupling, the prefactor value in a multi-
component structure, such as a 3D topological insulator, de-
pends, among other things, on the rate of scattering between
different conducting channels [16, 29, 6, 15, 19, 1, 11]. In the
simplest case, the top and bottom topological surfaces and
bulk (since the studied system has the close to zero bulk band
gap, we suppose there are always either bulk electrons or
bulk holes) can be treated as 2D electron gases with a strong
spin-orbit coupling that results in 훼i = −0.5 for each groupof carriers. Then, the total expected value of 훼 depends on
the scattering rate between the conduction channels: if the
coupling is weak (or when the time of interchannel scattering
is much larger compare to 휏휑), the corrections are additiveand the expected prefactor value is 훼 = ∑ 훼i = −1.5. In theopposite case of strongly coupled states they can be treated
as single electron gas with 훼 = ∑ 훼i∕3 = −0.5. Thus, at gatevoltages near to 푉g ≈ −6V,when |훼| takes its maximum val-ues, the surfaces and bulk carriers are fully decoupled, and a
gradual decrease of |훼| to the left and right from this region
3 We note that we introduce factor “-2” in the formula by hand to deal
with the same by meaning “훼” as it is in the Hikami formula.
results in the increase of interchannel scattering.
The situation, when the topological surface states can
be couples through the conducting bulk, is typical for the
3D topological insulators [6, 15]. But at first it seems that
the presented results are in opposite to what was observed
in strained 80-nm HgTe films [25]. There |훼| had mini-
mum values when there were no bulk carriers, and increased,
when they emerged. The first difference can be explained by
more than two times bigger space separation of the topolog-
ical surface states in the 200-nm film compare to its thinner
partner. It results in the strong decreasing of their mutual
scattering. The increase of the surface to bulk coupling in
the 200-nm film can be explain by the formation of near sur-
face bend bending that modifies the wave functions of the
bulk carriers that increases the probability of their scatter-
ing with the surface electrons. When the Fermi level is in the
conduction band, the whole system acts as a single 2D elec-
tron gas that results in |훼| = 0.5. However, when the Fermi
level is in the valence band, localized in band bending bulk
holes can effectively scatter only with topological electrons
from the top surface. Therefore, in these conditions there are
two separate conductivity channels – the bottom topological
surface, and top one plus bulk holes. This results in equal to
1 the absolute value of prefactor.
The fitting results of the experimental curves by the dif-
fusive Hikami theory are shown by gray spheres in Fig. 4.
The |훼|(푉g) dependence is found to be qualitatively the samecompare to the results from the ballistic theory. From it one
may also conclude a weak scattering rate between topolog-
ical electrons from top and bottom surfaces, which become
strongly coupled with the presence of bulk carriers. The dif-
ference in the values of |훼| between this and the ballistic
theories comes from too high for the Hikami theory values
of (퐵∕퐵tr), when this theory overestimates the amplitude ofthe conductivity correction.
The gate voltage dependence of phase coherence length
푙exp휑 and time 휏exp휑 obtained in experiment are presented inFig. 4 (c) and (d), respectively. In these figures, we also
show the theoretical dependences of 푙theory휑 and 휏 theory휑 as-suming that e-e interaction determines the phase breaking
time 1∕휏 theory휑 ≃ 푘퐵 푇ℏ
푒2∕ℎ
휎 ln
(
휎
푒2∕ℎ
)
[21], where 푘B is the
Boltzmann constant. The experimental values lies approx-
imately in the middle between 푙theory휑 and 푙tr, and between
휏 theory휑 and 휏tr. Such a discrepancy is often observed in exper-iments [22, 30, 12, 25] and can be related to a more complex
dependence of 휏휑 on 휎 in the case of non-parabolic disper-sion of carriers.
5. Conclusion
To summarize, the anomalous magnetoresistance of the
partially relaxed 200-nmHgTe film has been experimentally
studied. It has been found that the magnetoresistance is posi-
tive for all positions of the Fermi level and corresponds to the
effect of weak antilocalization. It has been shown that the be-
havior of the anomalous magnetoresistance is well described
by the ballistic theory [13]. It has been found that maximum
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values of prefactor |훼| are observed when the Fermi level
is near the valence band top, and there is minimal bulk den-
sity [25]. In this case |훼| ≈ 1.5-2 that can associated with the
absence of mutual scattering between the topological states
from top and bottom surfaces and between surface and bulk
conductivity channels. The filling of the bulk bands is ac-
companied by a decrease in a prefactor value that indicates
the gradual strengthening of scattering between surface and
bulk carriers.
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